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lished August 20, 2020; doi:10.1152/jn.00231.2020.—Coordination
of functionally coupled muscles is a key aspect of movement execu-
tion. Demands on coordinative control increase with the number of
involved muscles and joints, as well as with differing movement peri-
ods within a given motor sequence. While previous research has pro-
vided evidence concerning inter- and intramuscular synchrony in
isolated movements, compound movements remain largely unexplored.
With this study, we aimed to uncover neural mechanisms of bilateral
coordination through intermuscular coherence (IMC) analyses between
principal homologous muscles during bipedal squatting (BpS) at multi-
ple frequency bands (alpha, beta, and gamma). For this purpose, par-
ticipants performed bipedal squats without additional load, which were
divided into three distinct movement periods (eccentric, isometric, and
concentric). Surface electromyography (EMG) was recorded from four
homologous muscle pairs representing prime movers during bipedal
squatting. We provide novel evidence that IMC magnitudes differ
between movement periods in beta and gamma bands, as well as
between homologous muscle pairs across all frequency bands. IMC
was greater in the muscle pairs involved in postural and bipedal stabil-
ity compared with those involved in muscular force during BpS.
Furthermore, beta and gamma IMC magnitudes were highest during
eccentric movement periods, whereas we did not find movement-
related modulations for alpha IMC magnitudes. This finding thus indi-
cates increased integration of afferent information during eccentric
movement periods. Collectively, our results shed light on intermuscu-
lar synchronization during bipedal squatting, as we provide evidence
that central nervous processing of bilateral intermuscular functioning is
achieved through task-dependent modulations of common neural input
to homologous muscles.
NEW & NOTEWORTHY It is largely unexplored how the central
nervous system achieves coordination of homologous muscles of
the upper and lower body within a compound whole body move-
ment, and to what extent this neural drive is modulated between
different movement periods and muscles. Using intermuscular co-
herence analysis, we show that homologous muscle functions are
mediated through common oscillatory input that extends over alpha,
beta, and gamma frequencies with different synchronization patterns
at different movement periods.
bipedal squat; compound movement; intermuscular coherence; neural
oscillations
INTRODUCTION
Everyday life activities comprise not only isolated move-
ments but also compound whole body movements such as walk-
ing, climbing stairs, and standing (Casale et al. 2011). Isolated
movements are usually studied under laboratory settings, with
the degrees of freedom of such movements being limited. In
contrast, whole body movements require extensive control of
many muscle groups of the upper and lower extremities.
Understanding how the central nervous system asserts control
over such movements has important practical implications, as
disorders of the motor system are particularly detrimental and
costly to patients (Mozaffarian et al. 2016; Singh et al. 2014).
A commonly employed method to examine motor control
characteristics is intermuscular coherence (IMC), i.e., the analy-
sis of linear dependencies between two electromyography
(EMG) recordings at a certain frequency (Gross et al. 2002).
Using IMC, it is possible to investigate common synaptic input
to motor neuron pools across muscles in humans noninvasively
(Dideriksen et al. 2018). IMC is associated with cortical and spi-
nal mechanisms (Boonstra 2013; Boonstra and Breakspear
2012; Grosse and Brown 2003) and was previously used to
demonstrate functional binding between muscles (Laine and
Valero-Cuevas 2017). Motor-relevant oscillatory components
are at alpha (8–12 Hz), beta (13–30 Hz), and gamma (>30
Hz) frequencies. Synchronized oscillations at alpha frequencies
are present during the activity of different muscles during uni-
and bimanual motor control tasks of upper (de Vries et al. 2016;
McAuley et al. 1997) and lower extremities (Boonstra et al.
2008, 2015). Beta band oscillations have been observed in func-
tionally related muscles (Boonstra 2013; Boonstra and
Breakspear 2012; Kilner et al. 1999) and were originally
thought to reflect efferent origin (Brown et al. 1999), although
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recent research indicates a more complex efferent-afferent feed-
back loop as the potential source for the presence of these oscil-
lations (Witham et al. 2010, 2011). Gamma band IMC has also
been observed during numerous movements and is most promi-
nently related to more compound, dynamic movements (De
Marchis et al. 2015; Mohr et al. 2015, 2018). There is consider-
able overlap between the neuronal mechanisms of beta and
gamma band IMC. Still, although both beta and gamma IMC
reflect corticomuscular drive (Boonstra 2013; Farmer 1998;
Mima and Hallett 1999), beta IMC is commonly observed dur-
ing isolated muscle control (Boonstra 2013; Boonstra and
Breakspear 2012; Farmer 1998; McManus et al. 2016; Mima
and Hallett 1999), and gamma IMC is associated with integra-
tive processes in the coordination of compound and/or novel
movement sequences (Chang et al. 2012; De Marchis et al.
2015; Mohr et al. 2018; Omlor et al. 2007).
To facilitate the transition between theory and applications in
motor control research, the studied movements need to be natu-
ralistic, i.e., closely related to everyday life activities. On a
whole body level, everyday life activities can be divided into
unilaterally alternating movements such as walking and climb-
ing stairs on the one hand and bilateral movements such as pick-
ing up loads, sitting, and standing up on the other. Both
alternating and bilateral movement sequences show large physi-
ological differences, e.g., distinct cortical activation profiles
(Kapreli et al. 2006; Noble et al. 2014) and different inhibition
patterns (Aune et al. 2013). Similarly, the degree of fatigue of
individual muscles (Jakobi and Chilibeck 2001), the contribu-
tion of postural muscles (Janzen et al. 2006; Magnus and
Farthing 2008), especially in movements of the lower limbs
(Magnus and Farthing 2008), and the targeting of muscle fiber
types (Buckthorpe et al. 2013; Koh et al. 1993) differ between
bilateral and alternating movements. Furthermore, recent
research suggested potentially increased neuroplasticity in bilat-
eral compared with alternating movements (Whitall et al. 2011),
which may aid in the facilitation of neurorehabilitative strategies
(Cauraugh et al. 2010; Cauraugh and Summers 2005).
With this in mind, the bipedal squat (BpS) is a valuable exten-
sion to compound motor control research, as BpS comprises
bilateral movement patterns of everyday life (Nelson et al.
2002). A recent study by Mohr et al. (2015) examined unilateral
intermuscular interactions during BpS using IMC. The authors
observed IMC between a nonhomologous muscle pair of the
thighs during BpS performance and found IMC to be present at
frequencies ranging from 15 to 80 Hz (Mohr et al. 2015).
However, two important aspects of BpS motor control remain
unexamined and should be assessed to gain a better understand-
ing of BpS motor control. First, Mohr and colleagues (Mohr et
al. 2015) did not analyze IMC between homologous muscles.
During BpS, pairs of homologous upper and lower body
muscles jointly achieve bipedal and postural stability and enable
bilateral execution of BpS (Thiele et al. 2015). Such homolo-
gous coordination is essential to enable the successful execution
of fundamental movements of everyday life (Kang et al. 2019;
Seidler et al. 2010). Although previous studies have investigated
IMC between homologous muscles (Boonstra et al. 2008, 2009),
common oscillatory input of principal homologous muscle pairs
of the upper body and homologous muscle pairs of the lower
body has not been studied during BpS. We therefore aim to
extend previous findings and to examine common synaptic input
between principal homologous muscle pairs to uncover bilateral
aspects of BpS motor control. Second, the extent to which IMC is
modulated between static (isometric) and dynamic (eccentric and
concentric) movement periods during BpS is unclear. Movement
periods, i.e., eccentric (ECC), isometric (ISO), and concentric
(CON) periods, pose different challenges on acting muscles,
resulting in muscles functioning in distinct roles between periods.
It is therefore crucial to analyze individual modulations of central
nervous involvement during each period of BpS. Although IMC
is most frequently analyzed during isometric movement periods
(Baker et al. 1999; Kilner et al. 1999; Semmler et al. 2013), there
have been studies investigating IMC during dynamic movements.
For instance, IMC between different recording sites of one mus-
cle was most pronounced during ECC compared with ISO and
CON during contractions of first dorsal interosseous muscles
(FDI) (Semmler et al. 2006) and gastrocnemius (von Tscharner
2014). In general, functional relations of frequency band-specific
IMC and movement periods have been examined in previous
studies. Beta IMC has been prominently observed during static
movement periods (ISO) (Kilner et al. 1999; Reyes et al. 2017),
whereas gamma IMC was shown to be increased during dynamic
contractions (CON and ECC) when compared with isometric
contractions (Semmler et al. 2002; von Tscharner 2014).
Although movement period-related modulations of alpha IMC
have rarely been studied, evidence suggests stable behavior of
alpha IMC between movement periods (Nguyen et al. 2017).
Based on the aforementioned findings, we hypothesize that
bilateral control of principal homologous muscle pairs during
BpS is in part achieved through common input into those mus-
cle pairs. Accordingly, we hypothesize to find IMC in motor-rel-
evant frequency bands alpha, beta, and gamma across principal
homologous muscle pairs in BpS. Furthermore, we hypothesize
that there is a clear distinction between IMC magnitudes during
isometric (ISO) and dynamic (ECC and CON) movement peri-
ods based on different muscle functions between movement
periods. More specifically, based on previous evidence, we
expect to identify highest beta IMC during ISO and highest
gamma IMC during ECC, while we do not expect movement
period-related changes in alpha IMC magnitude.
MATERIALS AND METHODS
Participants. We recruited 11 healthy, male participants [age:
27.96 5.1 yr (mean6SD)] in the present study. The study was
endorsed by the local committee of the Medical Faculty at the
University of Leipzig (ref. no. 466/17-ek). We recruited only male par-
ticipants to avoid variance due to possible gender-related differences in
brain structure and function (Grabowska 2017) as well as differences in
activation profiles during squats (Graci et al. 2012; Hale et al. 2014;
Mehls et al. In press). Before participation, all participants provided
their written, informed consent to take part in the experiments follow-
ing the Helsinki Declaration. To minimize the risk of injury, partici-
pants were excluded in case any of the following exclusion criteria
were present: neurological/psychiatric disease; intake of centrally act-
ing drugs; caffeine or alcohol intake 24 h before the experiment; acute,
chronic, and/or inadequately regenerated pathologies of the knee joint,
the ankle joints, and/or the spine. Also, we chose to exclude participants
with regular sports activity (>3 h/wk). The rationale for this was that
previous studies had demonstrated that sports competence influences
coherence, which would impact analyses and interpretation of results
(Ushiyama et al. 2010).
Behavioral task (bipedal squat). The following descriptions of our
experimental setup, as well as all acquired behavioral data, are based
on a previous study we conducted (Kenville et al. 2020). For details,
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please refer to the respective article. Still, we mention below the most
important aspects. Initially, participants were instructed concerning the
correct execution of BpS. All participants were advised to plant their
feet and execute BpS without raising their heels during force exertion.
Additionally, each participant was instructed to keep a slight lumbar
lordosis during BpS, as well as to keep their head aligned with the
spine. During BpS, arms remained in an extended, relaxed position
beside the body. A short (3 min) warm-up program of controlled repeti-
tions of dynamic squats without additional load preceded the actual
measurements. Here, participants were instructed to execute BpS in a
manner that focused on the aforementioned key aspects of correct
movement execution, i.e., 1) planting of the feet and 2) slight lumbar
lordosis. For a repetition, the participants started with their legs fully
extended at the beginning of the eccentric movement periods (ECC),
squatted until a knee angle of 95 was reached (the squatting depth was
determined employing a protractor), held this position during the iso-
metric period (ISO), and then extended their legs once again during the
concentric movement period (CON).
Procedure. In total, 40 trials of BpS were completed. The experi-
ments were conducted in blocks of 10 repetitions, with break periods of
3:30 min separating each block to avoid possible cumulative conse-
quences due to peripheral fatigue. As mentioned, each squatting repeti-
tion was split into three 5-s movement periods (ECC, muscles are being
stretched as they contract; ISO, muscles keep their length while con-
tracting; CON, muscles shorten throughout the contraction), resulting
in three conditions altogether. A break period of 30 s succeeded each
repetition (ECC-ISO-CON). All periods were visually initiated on a
standard PC monitor running Presentation 16.5 software (Neuro-
Behavioral Systems, Albany, NY). The participants were all naive to
the task of BpS. For an overview of average EMG activity for all
muscles and periods, please see Supplemental Figure S1 (all
Supplemental figures are available at https://doi.org/10.6084/m9.
figshare.12618929).
EMG recordings.We used a wireless Desktop Transmission System
(NORAXON Inc., Scottsdale, AZ) to measure surface EMG signals
from four homologous muscles mainly active during squat execution.
Bipolar surface electrodes (Ag/AgCl; diameter: 1 cm) were mounted
bilaterally on four homologous muscles [vastus lateralis (VL), vastus
medialis (VM), tibialis anterior (TA), erector spinae (ES)] in accord-
ance to SENIAM electrode position recommendations (Hermens et al.
2000). A fixed interelectrode distance (2 cm) was maintained through-
out the recordings. Each participant’s skin was shaved to remove hair
around the electrode area and was exfoliated. Double-sided adhesive
tape was used to attach all transmitters mounted in the proximity of the
electrodes. The EMG sensors were positioned in a parallel alignment
relative to the muscle fibers. Furthermore, the display of each move-
ment period onset was synchronously triggered on a PC screen to ena-
ble synchronizing movement onsets. In particular, the participants were
presented with a standardized white cross on a screen before movement
onset. Three seconds before the start of the initial movement period
(ECC) the cross turned green, indicating that the participant should pre-
pare for movement onset. The following movement periods were pre-
cisely initiated by a time-exact presentation of their abbreviations on
the screen. We recorded data of 8 channels with a sampling frequency
of 3,000 Hz, an input impedance of the amplifier >100 MΩ, bandpass
filtering in the frequency range of 10–500 Hz, common-mode rejection
(CMRR)>100 dB, a gain of 500.
EMG processing. EMG data were first decimated (data were low-
pass filtered using a Chebyshev Type I filter at 200 Hz before down-
sampling) to 500 Hz and subsequently high-pass filtered at 20 Hz (4th
order Butterworth filter), motivated by the fact that the power density
function of surface EMG signals has insignificant contributions at fre-
quencies <10 Hz (Merletti and Di Torino 1999). Data were subse-
quently divided into respective movement periods (ECC, ISO, CON).
We estimated power spectral densities (PSD) according to Welch’s
method. To investigate EMG amplitude impact on IMC, we estimated
mean EMG amplitudes by way of calculating root mean square (RMS)
values across 50-ms windows for all muscles and periods. Two one-
way repeated measures ANOVA (rmANOVA) were conducted for fac-
tors PERIOD and MUSCLE to determine differences in mean EMG
amplitude for all muscles and movement periods, with post hoc
Bonferroni-Holm tests being carried out when appropriate. For this pur-
pose, EMG activities were normalized to maximum values measured
across the entire recording for each muscle, respectively (i.e., activation
ratio) (Pizzamiglio et al. 2017). This was done to minimize variance
across subjects due to potential variations in electrode placements and
skin impedances (Pizzamiglio et al. 2017). For all statistical compari-
sons, a P value of P < 0.05 was considered significant. All P values
adjusted for multiple comparisons are reported with the results.
EMG signal analysis. IMC analysis was carried out calculating co-
herence between all possible EMG-EMG combinations of homologous
muscle pairs. Band-pass filtered EMG data were rectified using the
Hilbert transform (Boonstra et al. 2015). This procedure extracts EMG-
signal envelopes and provides similar results compared with standard
full-wave rectification (Boonstra and Breakspear 2012; Boonstra et al.
2015). Data were epoched per movement period, yielding 40 trials per
period, which were concatenated in a final step. Intermuscular coher-
ence and cross-power spectral density (CPSD) were estimated between
pairs of concatenated EMG data using Welch’s method with a Hanning
window of 500 ms and an overlap of 75% (Boonstra et al. 2015;
Pizzamiglio et al. 2017):
jCxyðf Þj ¼ jSxyðf Þj
2
Sxxðf ÞSyyðf Þ
where Sxy(f) is the CPSD and Sxx(f) and Syy(f) represent the PSD of both
input signals x(t) and y(t), i.e., any pairwise combination of the investi-
gated muscles, respectively (Mima and Hallett 1999; Rosenberg et al.
1989). To evaluate the significance of IMC results, confidence limits
(a = 5%; P< 0.05) were calculated according to Rosenberg et al. (1989):
CLa ¼ 1 ð1 a
100
Þ 1N1
where N is the number of disjoint segments and CL reflects the confi-
dence limit above which observed coherence values are considered sig-
nificant. Confidence limits were subsequently adjusted to account for
overlapping segments (Terry and Griffin 2008; Welch 1967). Phase
lags between homologous muscle pairs were estimated by calculating
phase angles j(f) from complex valued CPSD (Rosenberg et al. 1989):
j fð Þ ¼ tan1½Sxy fð Þ
Furthermore, we calculated the slope of the phase angle per fre-
quency band of interest and subsequently multiplied each slope by 1/
2p to identify temporal delays between homologous muscle pairs dur-
ing all movement periods (Grosse et al. 2002).
For statistical analyses, significant IMC estimates were summed
across three frequency bands of interest: 1) alpha (8–12 Hz), 2) beta
(13–30 Hz), and 3) gamma (30–44 Hz) (Laine and Valero-Cuevas
2017). IMC was analyzed as areas of coherence, i.e., summed IMC esti-
mates (IMCarea) over specific frequency bands rather than peak coher-
ence. Analyzing areas of coherence estimates has been deemed
superior compared with analyzing peak values and frequencies of co-
herence estimates (Jaiser et al. 2016; Omlor et al. 2007; Spedden et al.
2019; Ushiyama et al. 2010). IMCarea were then pooled for homologous
muscles and movement periods. Two-way rmANOVAs were con-
ducted to determine frequency band-specific differences in IMCarea
between homologous muscles and movement periods, with post hoc
Bonferroni-Holm tests being carried out when appropriate. To avoid
skewness and normalize variance, all data were log-transformed before
statistical analyses. Differences in temporal delays were also analyzed
by way of two-way rmANOVA per homologous muscle pair and
movement period for each frequency band of interest with post hoc
Bonferroni-Holm tests being carried out when appropriate. For all sta-
tistical comparisons, a P value of P < 0.05 was considered significant.
All P values adjusted for multiple comparisons are reported with the
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results. Please note that statistical analyses of IMCarea and temporal
delays were performed only between homologous muscle pairs.
Therefore, muscles of interest are listed as VL (regarding estimates
between VL right and VL left), VM, TA, and ES, throughout the
RESULTS section.
Data accessibility. The data that support the findings of this study
are available on request from the corresponding author, R. Kenville.
The data are not publicly available due to data protection policies prac-
ticed at our institute (Max Planck Institute for cognitive and brain sci-
ences in Leipzig), e.g., their containing information that could
compromise the privacy of research participants.
RESULTS
As an introductory overview, Fig. 1 illustrates average power
spectral densities (PSD) of all muscles during different periods
of BpS. We first inspected spectral contents of all EMG enve-
lopes by assessing normalized PSD. PSD revealed broad spectra
maximum around 10 Hz for all muscles and conditions (cf. Fig.
1). For both VL and VM, a broad spectrum with a peak around
20 Hz was also visible.
Intermuscular coherence. A two-way rmANOVA (factors:
MUSCLE and PERIOD) was carried out for log-transformed
IMCarea in each frequency band of interest. Please see Fig. 2B
for an overview regarding differences in IMCarea between move-
ment periods.
We found a significant interaction between MUSCLE*PERIOD
for alpha IMCarea [P = 0.004; cf. Supplemental Table S1 (all
Supplemental tables are available at https://doi.org/10.6084/m9.
figshare.12618992)], with post hoc Bonferroni-Holm tests
revealing IMCarea to be higher during ECC for ES versus TA
and VL and higher during ISO for ES versus TA, as well as
lower for TA versus VL and VM (cf. Fig. 3). Additionally, we
found a main effect for MUSCLE (P = 2.867  104, cf.
Supplemental Table S1) with post hoc Bonferroni-Holm tests
revealing IMCarea to be higher for ES versus TA, as well as
lower for TA versus VL and VM (cf. Fig. 4A). For a detailed
overview relating to post hoc results of alpha IMCarea, please
see Supplemental Table S5.
Regarding beta IMCarea we found a significant interaction
between MUSCLE*PERIOD (P = 0.001, cf. Supplemental
Table S2), although post hoc tests failed to reach significance.
We also found a main effect for MUSCLE (P = 2.260  106,
cf. Supplemental Table S2) with post hoc Bonferroni-Holm tests
revealing IMCarea to be higher for ES versus TA, VL, and VM,
as well as higher for TA versus VL and VM (cf. Fig. 4B).
Furthermore, a main effect for PERIOD was found (P = 0.032,
cf. Supplemental Table S2) with post hoc Bonferroni-Holm tests
revealing IMCarea to be higher for ECC versus ISO (cf. Fig. 5A).
For a detailed overview relating to post hoc results of beta
IMCarea please see Supplemental Table S6.
For gamma IMCarea we found main effects for MUSCLE
(P = 0.004, cf. Supplemental Table S3), with post hoc
Bonferroni-Holm tests revealing IMCarea to be higher for ES
versus TA and VM (cf. Fig. 4C) and PERIOD (P = 0.019, cf.
Supplemental Table S3) with post hoc Bonferroni-Holm tests
revealing IMCarea to be higher for ECC versus ISO and lower
for CON versus ECC (cf. Fig. 5A). For a detailed overview
relating to post hoc results of gamma IMCarea please see
Supplemental Table S7.
To provide an overview of the common input of all muscle
pairs despite the focus of this study on homologous muscle
pairs, a complete presentation of all IMC spectra is given in
Supplemental Figure S2.
Phase angle and temporal delay. A detailed overview of
mean phase angle spectra across homologous muscle pairs and
movement periods is provided in Fig. 6. One-sample t tests of
phase angles did not reveal significant differences from zero per
muscle or movement period across frequency bands.
Additionally, statistical analyses of temporal delays across all
frequency bands of interest did not reveal any significant effects
for MUSCLE (alpha: P = 0.167; beta: P = 0.235; gamma: P =
0.702), PERIOD (alpha: P = 0.357; beta: P = 0.413; gamma:
P = 0.638) or a MUSCLE*PERIOD interaction (alpha: P =
0.592; beta: P = 0.101; gamma: P = 0.956).
EMG amplitudes.Mean EMG amplitude comparisons revealed
main effects for MUSCLE (P = 1.691  104, cf. Supplemental
Table S4) and PERIOD (P = 4.743  1012, cf. Supplemental
Table S4). Mean EMG amplitudes were significantly higher for
ISO compared with CON and ECC, whereas no statistically signifi-
cant differences could be observed between CON and ECC (cf.
Fig. 5B). Post hoc Bonferroni-Holm tests revealed significant mean
EMG amplitude differences between both ES and TA, as well as
TA and VM. For a detailed overview relating to post hoc results of
mean EMG amplitudes please see Supplemental Table S8.
DISCUSSION
In the present study, we investigated intermuscular interac-
tions between principal homologous muscles involved in BpS
during dynamic (ECC and CON) and static (ISO) movement
periods to uncover bilateral aspects of compound motor control.
Consistent with our hypotheses, we found significant IMC in all
frequency bands of interest (alpha, beta, and gamma) across all
homologous muscle pairs and movement periods. Statistical
analyses revealed movement period-related modulations of beta
and gamma IMC (both highest during ECC), as well as differen-
ces in the magnitude of IMC between pairs of principal homolo-
gous muscles across alpha, beta, and gamma frequency bands.
Taken together, our findings demonstrate complex central nerv-
ous processing of homologous muscle control during BpS.
Specifically, our evidence contributes to the understanding of
compound motor control, as for the first time, we reveal move-
ment-period related modulations of central nervous processing
in the control of homologous muscles during a compound
movement. All findings are discussed in detail in the following.
Intermuscular coherence during BpS. Intermuscular syn-
chronization is an important determinant of successful motor
execution. Accordingly, there have been indications that the
central nervous system alters intermuscular synchronization as a
function of movement demands (Clark et al. 2013; van
Asseldonk et al. 2014). Previous research on IMC during squat
movements uncovered IMC between upper thigh muscles (VL
and VM) in frequency ranges between 15 and 80 Hz (Mohr et
al. 2015, 2018). Here, we also observed IMC in alpha, beta, and
gamma frequency bands across participants, muscles, and
periods.
Alpha band IMC. Our findings show alpha band IMC
between all homologous muscle pairs during BpS. Here, great-
est IMC was found in ES followed by VM, VL, and TA. This is
in line with numerous studies that also observed alpha band
IMC in ES (Danna-Dos-Santos et al. 2014; Degani et al. 2017),
VM (Boonstra et al. 2008, 2015), and TA (Boonstra et al. 2009,
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2015; Bravo-Esteban et al. 2014). Out of these studies, three an-
alyzed coherence between homologous muscles (VM and TA)
(Boonstra et al. 2008, 2009, 2015), whereas two other studies
examined IMC between ES and biceps femoris (Danna-Dos-
Santos et al. 2014; Degani et al. 2017). It should be noted that in
both studies EMG electrodes for ES recordings were placed
largely around the lumbar region of the spine compared with
thoracic placement in the present study. Functionally, alpha
IMC in ES could reflect postural stability maintenance, as it was
observed previously in a bipedal stance task (Danna-Dos-Santos
et al. 2014). Furthermore, earlier studies showed TA to exhibit
IMC at low frequency ranges around 10 Hz during upright
stance (Danna-Dos-Santos et al. 2014, 2015), potentially reflect-
ing a strategy to monitor degrees of freedom and also providing
stability during such a movement. Additionally, the speed of
BpS execution, which was comparably low (15 s for one repeti-
tion) in the present study could be a reason for this finding, as
alpha band IMC has been observed in slow movements before
(Kouzaki and Masani 2012). Furthermore, we were unable to
observe significant differences in alpha IMC between move-
ment periods. This finding is in line with previous research
showing alpha IMC to be stable across concentric and eccentric
contractions in upper extremities (Nguyen et al. 2017) and now
we extend these conclusions for lower extremities as well. Still,
as this is the first study examining differences in alpha IMC
between homologous muscles during BpS, more evidence is
needed to draw definite conclusions. Neurophysiological origins
of alpha IMC are thought to relate to subcortical and spinal
structures (Boonstra et al. 2009; Grosse and Brown 2003; Laine
and Valero-Cuevas 2017). It is assumed that common input at
Fig. 1. Normalized power spectral density (PSD) of electromyography (EMG) envelopes per muscle and period. PSD of EMG envelopes are illustrated for all
muscles during each movement period. Power spectra were averaged across muscles, epochs, and participants and normalized to total power. Mean values of normal-
ized PSD are displayed per movement period: eccentric movement period (ECC; blue), isometric movement period (ISO; red), and concentric movement period
(CON; gray), while individual values are displayed as gray lines. Each row represents distinct muscles which are highlighted in orange. Alpha, beta, and gamma fre-
quency bands are indicated through rectangles colored in different gradations of gray. ESl and ESr, left and right erector spinae; TAl and TAr, left and right tibialis an-
terior; VLl and VLr, left and right vastus lateralis; VMl and VMr, left and right vastus medialis.
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alpha frequencies is reflective of spinal interneuron activity con-
necting and integrating sensory afferents of functionally bound
muscles. Although this concept needs to be demonstrated in
humans, it is well described in animal studies (Hart and Giszter
2010; Kargo and Giszter 2000; Levine et al. 2014). Therefore, it
seems that alpha IMC, as observed in this study, could be reflec-
tive of subcortical and or spinal maintenance processing.
Beta band IMC.We found beta IMC between all homologous
muscle pairs recorded during BpS. Here, most pronounced IMC
was again evident in ES followed by TA, VM, and VL, as both
ES and TA showed increases in IMC compared with VM and
VL. Our findings add to previous evidence of beta IMC for ES
(Danna-Dos-Santos et al. 2014), TA (Boonstra et al. 2008,
2009, 2015; Bravo-Esteban et al. 2014), VM (Boonstra et al.
2008; von Tscharner et al. 2018; Walker et al. 2019), and VL
(von Tscharner et al. 2018; Walker et al. 2019), but were
expected, as beta IMC has been commonly observed between
synergistically activated muscles (Boonstra 2013; Boonstra and
Breakspear 2012; Castronovo et al. 2018; Degani et al. 2017;
Kilner et al. 1999). Beta IMC of the lower extremities has been
described between homologous VM during bilateral leg exten-
sions (Boonstra et al. 2008), as well as homologous VM and TA
during standing (Boonstra et al. 2015), although not for homolo-
gous ES. The observed differences in beta IMC between
muscles within our study may reflect differences in muscle func-
tioning within BpS. Both ES and TA only slightly change their
length during BpS execution, whereby their main function is the
maintenance of posture (Lee et al. 2016).
Additionally, ES motor control during BpS most likely under-
lies an established neural blueprint, since ES functions during
BpS and daily human routines, i.e., maintaining posture, are
comparable. A possible explanation for the observed differences
in IMC between muscles refers back to the main function of
both ES and TA, which collectively enable upper and lower
body stability throughout BpS (Myer et al. 2014). It was demon-
strated during specific motor tasks that more strongly coordi-
nated homologous muscles showed increased IMC magnitudes
(de Vries et al. 2016; Kisiel-Sajewicz et al. 2011). Therefore,
both homologous ES and TA may participate in the mainte-
nance of posture whereas VM and VL function as primary sour-
ces of muscular force production throughout BpS performance.
Supporting evidence is provided by studies showing EMG activ-
ity of VM to increase as a function of load compared with ES
during BpS (Yavuz and Erdag 2017).
Fig. 2. Overview of intermuscular coherence
(IMC) spectra I. A: schematic setup of elec-
tromyography (EMG) sensors. All EMG re-
cording sites are highlighted through blacked-
out muscles with respective labels situated
beside them. Please note that the upper half is
drawn from dorsal perspective and the lower
half is drawn from ventral perspective.
Orange circles indicate EMG sensor posi-
tions. B: grand-averaged IMC for all opposing
muscle pairs (highlighted in orange). Each row
of IMC spectra represents different movement
periods: eccentric movement period (ECC;
blue), isometric movement period (ISO; red),
and concentric movement period (CON; gray).
Dashed green lines indicate confidence limit
(CL) above which observed coherence values
are considered significant. Alpha, beta, and
gamma frequency bands are indicated through
rectangles colored in different gradations of
gray. ESl and ESr, left and right erector spinae;
TAl and TAr, left and right tibialis anterior;
VLl and VLr, left and right vastus lateralis;
VMl and VMr, left and right vastus medialis.
Fig. 3. Averaged alpha IMCarea per muscle and movement period. Averaged log-
transformed IMCarea are illustrated per muscle and period for alpha frequency
band. *Significant differences between IMCarea of different muscles within
movement periods. Respective P values are reported in the RESULTS section.
Here, blue symbols indicate IMCarea for eccentric movement period (ECC),
whereas red symbols indicate IMCarea for isometric movement period (ISO) and
black symbols represent IMCarea for concentric movement period (CON). Here,
circles indicate IMCarea for vastus lateralis (VL), triangles for vastus medialis
(VM), diamonds for tibialis anterior (TA), and squares for erector spinae (ES).
IMCarea, summed intermuscular coherence estimates.
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With this study, we also show beta IMC to be higher during
ECC as compared with ISO. This was unexpected as we
hypothesized beta IMC to be highest during ISO. Previous stud-
ies observed beta IMC to be more pronounced or present in gen-
eral during static movements (ISO) compared with dynamic
movements (ECC and CON) (Baker 2007; Kilner et al. 1999;
Reyes et al. 2017). There is evidence for a decrease in beta IMC
between static and dynamic movements (Kilner et al. 1999),
although contrasting results also exist (Laine and Valero-
Cuevas 2017). Some authors clarify that this decrease in beta
IMC only applies to dynamic movements that rely on highly
individuated control of all involved muscles (Laine and Valero-
Cuevas 2017; Reyes et al. 2017). Accordingly, it was shown
that separate successive finger movements reduced beta IMC
between finger muscles (Reyes et al. 2017). In this context, our
results indirectly support these findings, as BpS motor control is
achieved through common input stemming from corticospinal
projections to functionally relevant musculature (Mohr et al.
2015) and likely requires a more synergistic control of involved
muscles, as is evident from other compound motor tasks such as
standing (Boonstra et al. 2015) and cycling (De Marchis et al.
2015). Regarding the underlying neuronal source of beta IMC,
it is thought that IMC in this frequency range presumably
reflects a coordinated neuronal drive to functionally connected
muscles originating from the motor cortex (Reyes et al. 2017).
Several studies support the view that neurons of the pyramidal
tracts are primarily responsible for the generation of beta oscil-
lations (Baker et al. 2003; Jackson et al. 2002; Roopun et al.
2006). Furthermore, beta IMC does not appear to be strongly
influenced by somatosensory feedback, but rather by the type of
movement (Nguyen et al. 2017). Bilateral movement coordina-
tion through beta IMC is therefore regarded as a corticofugal
mechanism for efficient control of synergistic and thus bilateral
movement control (Nguyen et al. 2017). It therefore seems rea-
sonable that all muscles we recorded during BpS collectively
act as prime movers of that movement and thus are likely to
reflect a common central neuronal control (De Luca and Erim
2002) as opposed to individuated control.
Gamma band IMC. Our results show gamma IMC in all
examined muscles with significant differences between ES and
TA as well as ES and VL. Apart from ES, gamma IMC has
been observed in all other muscles recorded during this study,
i.e., VM, VL (Mohr et al. 2015, 2018; von Tscharner et al.
2018), and TA (Bravo-Esteban et al. 2014; van Asseldonk et al.
Fig. 4. Averaged IMCarea per muscle. Averaged log-transformed IMCarea are illustrated per muscle for alpha (A), beta (B), and gamma (C) frequency bands.
*Significant differences between IMCarea of different muscles. Respective P values are reported in the RESULTS section. Here, circles indicate IMCarea vastus lateralis
(VL), triangles for vastus medialis (VM), diamonds for tibialis anterior (TA), and squares for erector spinae (ES). IMCarea, summed intermuscular coherence
estimates.
Fig. 5. Averaged IMCarea and mean EMG amplitudes
(RMS) per movement period. A: averaged log-trans-
formed IMCarea are illustrated per period for alpha, beta,
and gamma frequency bands. B: averaged, normalized
root mean square (RMSmean) values are depicted per pe-
riod. *Significant differences between IMCarea of differ-
ent movement periods. Respective P values are reported
in the RESULTS section. Here, blue symbols indicate IMCarea
for eccentric movement period (ECC), whereas red sym-
bols indicate IMCarea for isometric movement period (ISO)
and black symbols represent IMCarea for concentric move-
ment period (CON). EMG, electromyography; IMCarea,
summed intermuscular coherence estimates.
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2014). Numerous studies have observed gamma IMC between
muscle pairs of lower extremities (Bravo-Esteban et al. 2014;
Castronovo et al. 2018; De Marchis et al. 2015; Mohr et al.
2015, 2018; van Asseldonk et al. 2014; Walker et al. 2019),
although, to the best of our knowledge, this is the first study to
demonstrate gamma IMC between homologous muscles of
lower extremities. With these results, we extend findings by
Mohr and colleagues (Mohr et al. 2015, 2018), who originally
observed gamma IMC between VM and VL during isometric as
well as dynamic BpS. In addition to differences between
muscles, we observed significant differences in gamma IMC
between ECC versus ISO, as well as ECC versus CON. In line
with our hypotheses, gamma IMC was greatest during ECC
compared with both ISO and CON. Previous research suggested
that gamma IMC is likely to reflect sensory integration (De
Marchis et al. 2015; Nguyen et al. 2017). This is reinforced by
the fact that most tasks requiring strenuous processing and inte-
gration due to task complexity, high force demands, or novelty
of respective movements show strong gamma IMC (De Marchis
et al. 2015; Mohr et al. 2015, 2018; von Tscharner et al. 2018).
Furthermore, it is known that proprioceptive feedback of muscle
spindles increases during lengthening/eccentric (ECC) contrac-
tions (Burke et al. 1978; Duchateau and Enoka 2008). This, in
turn, would indeed explain why gamma IMC was particularly
strong during the eccentric part of the squat. Regarding inter-
muscular synchronization, IMC was shown to increase when
comparing dynamic and isometric contractions of upper and
lower extremities (Semmler et al. 2002; von Tscharner 2014).
Taken together, it seems plausible that the increase observed
between ECC and ISO/CON is related to an increase in sensory
information integration due to various BpS properties such as
complexity and/or novelty of the movement. This may indicate
that gamma IMC is increased where proprioception is particu-
larly necessary due to task- and movement period-specific
demands on the muscles.
Critical perspective. Although IMC is an established
research tool in humans, there are several factors potentially
influencing its detection (Semmler et al. 2013). For example,
IMC results generally show high inter- and intraindividual
variability (Jaiser et al. 2016). This could be due to anatomi-
cal specificity of muscles and their innervation as well as
individual patterns of motor control. Electrode positioning is
also critical in assessing IMC (Keenan et al. 2012).
Concerning this matter, we were able to maintain relative
electrode positions across participants by following standard
SENIAM EMG electrode position guidelines (Hermens et al.
2000), rendering this issue negligible. A more broadband
debate revolves around the rectification of EMG signals. This
issue has been ongoing for over a decade with numerous
studies providing evidence regarding rectification effects on
EMG signals (Farina et al. 2004; Myers et al. 2003; Yao et al.
2007). In short, empirical studies promote EMG rectification
(Boonstra et al. 2008; Mima and Hallett 1999; Yao et al.
2007), as opposed to simulation studies that largely argue
against rectification (Neto and Christou 2010; Stegeman et
al. 2010). Here, we used rectification as it is thought to better
reflect the information about the firing rate of motor units
within EMG signals (Semmler et al. 2013) and it increases
the comparability of our results as most other IMC studies
have used rectification within EMG preprocessing (Boonstra
Fig. 6. Overview of phase angle spectra. Each
column depicts averaged phase angle spectra
and corresponding standard errors of the
mean for all opposing muscle pairs. Each row
represents phase angle spectra of different
movement periods: eccentric movement pe-
riod (ECC; blue), isometric movement period
(ISO; red), and concentric movement period
(CON; gray). Alpha, beta, and gamma fre-
quency bands are indicated through rectangles
colored in different gradations of gray.
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et al. 2008, 2009; Danna-Dos-Santos et al. 2010, 2014;
Keenan et al. 2012; Laine and Valero-Cuevas 2017; Poston
et al. 2010). Another important factor is the potential impact
of EMG signal amplitudes on intermuscular coherence
(Bayraktaroglu et al. 2013; Singh and Prakash 2000). To
address this issue, we computed and compared mean EMG
amplitudes between muscles and movement periods to exam-
ine similarities in the observed effects between EMG ampli-
tudes and IMC. Mean EMG amplitudes were highest during
ISO compared with ECC and CON throughout all muscles
and participants (cf. Fig. 5B), whereas IMC showed differen-
tial modulations across movement periods, homologous
muscles, and participants (cf. Fig. 5A). Therefore, it seems
unlikely that the changes in EMG amplitudes were primarily
responsible for our IMC results as in this case one would
expect a close relationship between the increase in EMG
amplitudes and the strength of IMC, which was not the case
in our study. Lastly, EMG-EMG cross talk possibly con-
founds IMC measures. However, this issue is unlikely to
explain our results since we computed coherence between
homologous muscles that were located on opposing limbs,
thus effectively eliminating the leakage of the EMG signals
between corresponding recording electrodes. A notable
exception are both ES muscles which were spaced apart by
roughly 7 cm, although it seems unreasonable that the alleged
cross talk should only affect certain frequency ranges (Clark
et al. 2013).
Conclusion. In summary, we provide novel evidence that,
during BpS, homologous muscle functions are mediated through
common oscillatory inputs spanning across alpha, beta, and
gamma frequencies with distinct synchronization patterns at dif-
ferent movement periods. We show that for beta and gamma
IMC the magnitude of common input is greater in dynamic
movement periods (ECC and CON) when compared with static
periods (ISO). We also show that homologous muscle pairs
involved in postural (ES) and bipedal (TA) stability mainte-
nance, exhibit greater IMC compared with those involved in pri-
mary force production during BpS (VM and VL). In general,
these findings reflect task-dependent central nervous processing
of synchrony between homologous muscles through magnitude
and frequency modulations. Furthermore, we suggest that the
observation of significant IMC in different frequency bands is
reflective of modulatory distinctions between spinal/subcortical
involvement (alpha), a functional divergence between muscle
groups (beta), and increased sensory information processing
(gamma) that together achieve appropriate intermuscular con-
trol during BpS. With this study, we extend previous knowledge
by uncovering movement period-related modulations in central
nervous processing in homologous muscles during a compound
movement. This evidence may facilitate the application of IMC
during compound movements in the areas of athletic perform-
ance and rehabilitation.
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